The dynamic indentation response of stainless steel sandwich panels with a corrugated core or a Y-frame core has been explored using the finite element method to gain insight into the potential of the cores to mitigate against collisions over a wide range of impact velocities pertinent to land and sea-borne vehicles. Back-supported sandwich panels were impacted on the front face by a flat-bottomed or a circular punch at constant velocity ranging from quasi-static loading to 100 m/s. At velocities below 10 m/s the forces on the front and back faces are equal but inertia stabilisation raises the peak load above its quasi-static value. This strength elevation is greater for the corrugated core than for the Y-frame core, and more pronounced for the flatbottomed punch than for the circular punch. For velocities greater than 10 m/s, the indentation force applied to the front face exceeds the force transmitted to the back face due to plastic-shock effects. In this regime, the force transmitted to the back face by the Y-frame core is markedly less than for the corrugated core, and this brings a performance benefit to the Y-frame, i.e. it protects the underlying structure in the event of a collision.
Introduction
More than 200 maritime accidents were recorded in the Gulf of Finland from 1997 to 2006 [1] . About 50% of those accidents were grounding (the impact of a ship on the seabed) and another 20% were ship-ship collisions. The frequency of such accidents has the potential to increase in the future as maritime traffic increases and as vessels become larger and faster. Thus, it is vital that ship structures have adequate strength and energy absorption capacity to resist collisions. The crashworthiness of most tankers relies on a conventional double hull design, with minimal coupling between inner and outer hulls. However, improved crash performance can be obtained by sandwich construction [2] . Similarly, the crashworthiness of land vehicles (and their resistance to security threats such as air blast) can be improved by the appropriate choice of an energy absorbing core in a sandwich configuration. This motivates the present basic study: we explore the resistance of sandwich cores to local indentation, and determine the indentation response as a function of impact velocity. Our intent is not to analyse the precise geometry of a particular vehicle, but to explore the significance of localised impact rather than distributed crushing on a sandwich panel, beams with a corrugated core or with a Y-frame core has been studied by Rubino et al. [4] and St-Pierre et al. [5] . Both studies have shown that corrugated and Y-frame sandwich beams of short spans (such as those used in a ship hull) collapse by indentation. These results suggest that additional insight into the deformation of a sandwich panel during a ship collision is gleaned by considering its fundamental indentation response. It is currently unknown whether the corrugated and Y-frame sandwich panels have potential to mitigate against collisions in automotive and rail transport. Collisions on land are likely to occur at much higher velocities than on sea;
hence, there is a need to quantify the effect of loading velocity on the indentation response of the sandwich panels.
The dynamic compressive response of corrugated and Y-frame cores, subjected to uniform loading at velocities ranging from 1 to 100 m/s, was measured by Tilbrook et al. [6] and investigated numerically by McShane et al. [7] (for the corrugated core only). Both studies identified two regimes of dynamic behaviour differentiated by comparing the forces on the impacted and rear faces. First, at low impact velocities, inertia stabilisation of the core members against buckling increases the collapse load compared to the quasi-static case, but the forces on the impacted and rear faces are equal. Second, at high velocities, the force on the impacted face is higher than that on the rear face due to plastic-shock effects. In the current study, the finite element method is used to determine the relative significance of these two regimes when the loading is localised rather than uniform in nature. Qualitative differences in response are anticipated from the case of uniform compression since concentrated loading, such as indentation, acts in the same manner as an initial imperfection in buckling. Our objective is to analyse the sensitivity of the indentation response to impact velocity, for different headshapes and sizes of indenters. Two prismatic headshapes are considered: a flat-bottomed punch (Fig. 2a) and a circular punch (Fig. 2b) . For both indenters, velocities varying from quasi-static to 100 m/s are considered. Ship collisions are likely to occur below 10 m/s, whereas the range from 10 to 100 m/s is relevant to land-based transport, such as military, automotive and rail industries.
In this study, we compare and contrast the performances of two core designs: the Yframe and corrugated cores as shown in Fig. 1 . To enable a fair comparison, we consider cores of identical mass and overall geometry. While numerous studies have been reported in the literature on other core topologies, such as the I-core [8] , the pyramidal core [9] [10] [11] and the square honeycomb [12] [13] [14] [15] [16] , these all use different geometries and masses thereby prohibiting us from making direct comparisons with those alternative designs.
This article is organised as follows. First, a description of the finite element model is given. Second, the dynamic indentation responses and corresponding deformation modes are presented for selected loading velocities. And third, the effects of impact velocity, indenter size and material strain-rate sensitivity upon the dynamic indentation response are explored.
Description of the finite element models
The commercial finite element code Abaqus (version 6.11) was used to simulate the quasi-static and dynamic indentation responses of sandwich panels with a corrugated core or a Y-frame core. The finite element models used in this study are based on a considerable amount of previous numerical and experimental work which demonstrated that the finite element method can accurately predict the measured response of corrugated and Y-frame sandwich structures. This was shown for a wide range of loading scenarios including: quasi-static [17] and dynamic [6] compression; quasi-static indentation [4, 17] and three-point bending [4, 5] ; low-velocity impact on beams [18] ; and dynamic loading of sandwich beams [19] and plates [20] . Although the current article does not include a direct comparison between experimental and numerical results for dynamic indentation, the approach used here to model the corrugated and Y-frame structures has been validated by the above previous studies.
Dimensions of the sandwich panels
The sandwich panels considered were assumed to be made of stainless steel (of density ρ = 7900 kg/m 3 ) and their dimensions were chosen to be representative of fullscale ship hulls, see 
Material properties
The material properties were chosen to be representative of AISI 304 stainless steel.
This material is representative of shipbuilding steel [5] and has been used in several studies on dynamic loading of metallic sandwich structures [6, 8, 9, [13] [14] [15] [18] [19] [20] . The uniaxial tensile response of type 304 stainless steel was measured by St-Pierre et al.
[5] at a nominal strain-rate of 10 -3 s -1 and is given in Fig. 3a 
where R is given in , was tabulated in Abaqus based upon the above prescription and using the data shown in Fig. 3a . It is worth mentioning here that in all simulations reported subsequently, the maximum in-plane principal tensile strains were below 35%. The tensile ductility of stainless steel is around 40% (and reasonably independent of strain-rate based on Russell [22] ) and thus it is unnecessary to include material failure in the constitutive description of stainless steel.
Boundary conditions
The following boundary conditions were employed to simulate the dynamic indentation response of corrugated and Y-frame sandwich panels. First, all degreesof-freedom were constrained to zero on the back face of the panel, see Fig. 2 . Second, symmetric boundary conditions were applied at mid-length, directly beneath the indenter ( 3 0 x  ) and frictionless, end-clamped boundary conditions were used at the right end of the panel ( 3 xL  ). Finally, symmetric boundary conditions were applied on each side of the unit cell, see Fig. 2 . Thus, we are considering the panel to have infinite dimension in the 2 x direction: it has the geometry of a long strip resting on a foundation.
The sandwich panels were indented using two different headshapes: The interaction between the punch and the front face, and between all potentially contacting surfaces of the sandwich panel, was modelled as a hard frictionless contact.
Numerical experimentation revealed that the indentation response is relatively insensitive to the coefficient of friction used in the contact law.
The dynamic indentation response was simulated for velocities V 0 ranging from 1 to 100 m/s; these simulations were performed using the explicit solver of Abaqus. In contrast, a displacement δ was prescribed in the quasi-static indentation problem and the implicit version of Abaqus was employed.
Mesh and geometric imperfections
The sandwich panels were discretised using four-noded linear shell elements with reduced integration (S4R in Abaqus notation) with an average mesh size of 10 mm, except for the back face, which was modelled as a rigid surface (the back face does not directly influence the results but including it simplifies the post-processing such as extracting the force transmitted to the back face). A convergence study indicated that further refinement of the mesh did not improve significantly the results.
Previous laboratory investigations on corrugated and Y-frame cores revealed that geometric imperfections, with an amplitude on the order of the sheet thickness, were present in the manufactured specimens [6] . Accordingly, a geometric imperfection was introduced into both core topologies in the simulations. The imperfection had the shape of the first elastic buckling mode and the amplitude was set equal to the sheet thickness t = 6 mm. The elastic buckling calculations were performed under uniform compression and the face-sheets were considered rigid, such that the imperfection involved only the core and not the face-sheets. The influence of the imperfection upon the dynamic indentation response is summarised in Appendix A. Therein it is demonstrated that the imperfection has only a mild effect upon the predicted response.
The effect of the imperfection upon the deformed geometry quickly saturates: the deformation mode of an imperfect structure is relatively insensitive to the shape and amplitude of the imperfection.
Results
First, the dynamic indentation responses and the deformed geometries of both corrugated and Y-frame sandwich panels are presented for selected velocities.
Second, the effects of the loading velocity and of the punch size upon the initial peak load and the average indentation load are examined. Third, the influence of material strain-rate sensitivity upon the dynamic indentation response is assessed.
Indentation response
The punch force versus deflection response of sandwich panels indented by (i) a flat- characterised by an elastic regime up to an initial peak load F pk . Subsequently, the panel softens and then re-hardens due to longitudinal stretching of the front face. The initial peak load is sensitive to core topology: sandwich panels with a corrugated core are at least 12% stronger than those with a Y-frame core.
When the velocity is increased to 100 m/s, the force on the front face largely exceeds that on the back face over the entire deformation history, see Figs. 4e,f and 5e,f. At this high velocity, the core topology has a minimal influence on the force applied to the front face, but it has a strong effect on the load transmitted to the back face: the force on the back face is significantly higher for the corrugated core than for the Yframe core. Note that for panels indented by a circular punch, the front-face force oscillates after impact (δ/c < 0.1), see Fig. 5e ,f. This is due to the fact that the punch and front face come into contact and then separate on a few occasions before a permanent contact is established. The degree of force oscillation diminishes at lower velocities; see for example the responses at 10 m/s in Fig. 5c,d .
Deformed geometries
The deformed geometries corresponding to the responses shown in Figs. 4 and 5 are given in Table 1 . Images are given of the deformed cross-section beneath the indenter
, and a side view of the sandwich panel is also displayed. All images are
shown for δ/c = 0.35. For comparison purposes, the deformed geometries due to uniform compression are included in Table 1 . All aspects of these simulations for uniform compression were identical to those detailed in Section 2, except that both cores were discretised using four-noded plane strain quadrilateral elements (CPE4R in Abaqus notation) with highly refined mesh of dimension t/8 = 0.75 mm. However, the deformed geometries at 100 m/s differ considerably from the quasistatic results; deformation is now concentrated near the front face of the panel. This deformation mode is indicative of plastic-shock effects, with the struts folding against the front face, as observed by McShane et al [7] .
Second, consider the effect of the indenter headshape upon the deformation mode.
The deformation mode is insensitive to the headshape of the indenter; the deformed cross-sections of panels indented by a flat-bottomed punch, by a circular punch as well as those loaded under uniform compression are all very similar. These observations hold true for both corrugated and Y-frame core topologies.
Influence of velocity on indentation load
The effect of velocity upon the initial peak load is shown in Fig. 6a for panels indented by a flat-bottomed punch, and in Fig. 7a for panels indented by a circular punch. In both figures, the dynamic initial peak load 
and is plotted as a function of velocity in Figs. 6b and 7b. In each plot, the forces on the front and back faces are included, and results for the corrugated core are compared to those of the Y-frame core.
For velocities ranging from 1 to 10 m/s, the dynamic initial peak load exceeds its quasi-static value, and increases slightly with increasing velocity due to inertia stabilisation. In line with the findings of Calladine and English [23] , inertia effects are more important for the stretching-dominated corrugated core than for the bendingdominated Y-frame core, see Fig. 6a . In addition, the normalised initial peak loads of panels indented by a flat-bottomed punch (Fig. 6a ) display a greater sensitivity to velocity than those indented by a circular punch (Fig. 7a ). This is due to the fact that the circular punch gradually loads the structure and constitutes a more important loading imperfection than the flat-bottomed punch (i.e. loading itself induces an imperfection into the structure in comparison to uniform compression). This loading imperfection reduces the inertia sensitivity of the response based on the arguments presented by Calladine and English [23] . However, the loading imperfection does not affect the force equilibrium; as in the case of uniform compression [6] , the peak forces on the front and back faces remain approximately equal up to 10 and 30 m/s for the Yframe and corrugated cores, respectively. In contrast, the normalised average load xL ≤ 1 when V 0 = 100 m/s. This zone of tensile traction increases with increasing V 0 , and leads to a reduction in the back face force.
Influence of indenter size upon indentation load
The effect of indenter size on the normalised initial peak load and on the normalised average load is shown in Fig. 8 for panels indented by a flat-bottomed punch and in FF increases by up to 45%.
We further note from Figs. 8 and 9 that the average load applied to the front face exceeds the average load transmitted to the back face at velocities above 10 m/s in all cases considered. Hence, the velocity at which plastic-shock effects in the core become significant is relatively insensitive to the size and shape of the indenter.
Influence of material strain-rate sensitivity
In all simulations reported above, the stainless steel was modelled as a rate-dependent solid, as detailed in Section 2.2. Here, we complete our study by assessing the effect of material strain-rate sensitivity upon the dynamic indentation response. Additional simulations were conducted in which the stainless steel was modelled as a rateindependent solid; the uniaxial tensile response of the material was tabulated from the quasi-static (10 -3 s -1 ) response as plotted in Fig. 3a . All other aspects of the simulations were identical to those used previously, see Section 2.
The influence of strain-rate sensitivity is shown in Fig. 10 for sandwich panels indented by a circular punch D/L = 0.072. Results for a rate-independent material are compared to those obtained previously for a rate-dependent solid. The normalised peak and average loads are given in Fig. 10a and b, respectively. Each plot includes results for both corrugated and Y-frame cores, but, for the sake of brevity, only the force applied on the front face is given.
The results in Fig. 10 indicate that material strain-rate sensitivity has a relatively small effect on the dynamic indentation loads. In fact, by neglecting material strain-rate sensitivity the peak and average loads on the front face decrease by approximately 15% in the range 1 m/s ≤ V 0 ≤ 100 m/s, for both core topologies. Previous studies [6, 7] showed that material strain-rate sensitivity has a negligible effect on the dynamic compressive response of corrugated and Y-frame cores. The results in Fig. 10 suggest that this also holds true when the loading conditions are changed from uniform compression to localised indentation.
Concluding remarks
The finite element method was used to investigate the dynamic indentation response of stainless steel sandwich panels with a corrugated core or a Y-frame core. The panels were indented at a constant velocity ranging from quasi-static loading to 100 m/s, and two different headshapes were considered: flat-bottomed and circular punches.
The deformation mode of the sandwich panel was sensitive to impact velocity, but relatively insensitive to the headshape and size of the indenter. The indentation force applied to the front face of the panel was equal to the force transmitted to the back face for velocities below 10 m/s. At these low velocities, inertia stabilisation effects increased the dynamic initial peak load above its quasi-static value, and this effect was more important for the corrugated core than for the Y-frame core. This strengthening was greater for the flat-bottomed punch than for the circular punch, and also increased with the size of the indenter.
At velocities above 10 m/s, the force applied to the front face exceeded the force transmitted to the back face due to plastic-shock effects. The force applied to the front face was comparable for both core topologies; however, the force transmitted to the back face was significantly less for panels with a Y-frame core than for those with a corrugated core. This result is independent of the size and shape of indenter, and demonstrates the advantage of the Y-frame core over the corrugated the core in protecting the underlying structure in the event of a collision.
Appendix A: Influence of geometric imperfections
The sensitivity of dynamic indentation response to the shape and amplitude of a geometric imperfection is explored in this appendix. The shape of the imperfection is obtained by superimposing one or multiple elastic buckling modes. The effect of the number of superimposed modes and their amplitude is addressed below for sandwich panels indented by a circular punch with D/L = 0.072 and V 0 = 10 m/s.
A.1. Influence of the number of superimposed modes
The effect of the number of superimposed elastic eigenmodes upon the dynamic indentation response at V 0 = 10 m/s is shown in Fig. A.1a and b for the corrugated core and the Y-frame core, respectively. For each core, three cases are compared: (i) a perfect structure (no imperfection), (ii) an imperfection with an amplitude ζ = t = 6 mm in the shape of the first buckling mode and (iii) an imperfection with ζ = t = 6 mm in the form of the first five buckling modes superimposed (each mode is ascribed the same amplitude). For both core topologies, the results indicate that the number of superimposed modes has a negligible effect on the initial peak load and only a mild influence on the post-peak response. A geometric imperfection in the shape of the first buckling mode is assumed in the body of the paper.
A.2. Influence of amplitude
The effect of imperfection amplitude upon the dynamic indentation response at V 0 = 10 m/s is given in Fig. A.2a for the corrugated core and in Fig. A.2b for the Y-frame core. In each plot, results are compared for a perfect structure (no imperfection) and for an imperfection in the form of the first buckling mode with three different amplitudes ζ = 3, 6 and 12 mm (corresponding to 0.5t, t and 2t, respectively). The predictions show that the initial peak load is insensitive to the imperfection amplitude; however, the post-peak response slightly softens with increasing ζ. Previously, Tilbrook et al. [6] found that an assumed geometric imperfection of amplitude equal to the sheet thickness gave good agreement with the observed collapse response of corrugated and Y-frame. Accordingly, an imperfection amplitude ζ = t = 6 mm was employed in the body of the current paper.
A.3. Influence of imperfection upon the deformed geometry
The Dynamic strengthening factor R as a function of plastic strain rate . 
